In this study, Sc promoted and aerogel confined Ni catalysts were synthesized via a facile method. The catalyst thus prepared was completely characterized and tested under conditions for the dry reforming of methane (DRM). As compared to Ni-based catalysts, all Sc promoted catalysts exhibited excellent catalytic stability as the addition of Sc strengthened the interaction between the g-Al 2 O 3 support and Ni species, increased the reactive oxygen species and basic sites on the catalyst surface. Moreover, a uniform distribution of Ni and Sc species can be achieved by the unique fabrication pathway, thereby resulting in the increase of the activities and coking-resistance of Ni-based catalysts for the DRM reaction. Additionally, at high reaction temperature, the stable mesostructure of the Al 2 O 3 aerogel restricted the motion of Ni nanoparticles, limiting the sintering of Ni nanoparticles. Therefore, the Sc decorated and aerogel confined Ni-based catalysts exhibited excellent catalytic performance, good coking resistance and superior stability.
Introduction
During the past decades, the dry (CO 2 ) reforming of methane (DRM, CH 4 + CO 2 / CO + H 2 ) has attracted signicant attention from both environmental and industrial perspectives.
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With respect to the environment, the DRM reaction provided a method for effectively consuming greenhouse gases (CH 4 and CO 2 ). From the industrial aspect, the DRM reaction provides a favorable hydrocarbon ratio for synthesis gas (CO and H 2 ), which could be converted into useful products by the FischerTropsch reaction. [5] [6] [7] The catalysts used for reactions can be classied noble-metal-and transition-metal-based catalysts. Although the noble-metal-based catalysts exhibit excellent catalytic performance, their applications are limited because of their high cost and low availability. 8, 9 Transition-metal based catalysts, particularly nickel-based catalysts, have been intensively studied, attributed to their cost efficiency, abundant reserves, and relatively high activity for C-H and C-C bond cleavage. [10] [11] [12] [13] [14] [15] [16] [17] [18] Unfortunately, under harsh reaction conditions, the agglomeration of nickel nanoparticles and coking are major drawbacks resulting in catalyst deactivation. 19, 20 Moreover, the large metal nanoparticles formed can decrease the active sites and surface area. 21 The deposition of carbon blocks the metal surface via the CH 4 decomposition and Boudouard reaction.
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Their reaction equations were 2CO / C + CO 2 and CH 4 / C + H 2 , respectively. Therefore, preventing the sintering of the Ni nanoparticles, restraining the generation of carbon, and decreasing the effect of carbon deposition on Ni-based catalysts are crucial for the industrial progress of DRM.
Thus far, many methods have been investigated for preventing the formation of large Ni nanoparticles or restraining carbon generation by our group as well as other groups, such as limiting the sintering of Ni nanoparticles and improving the properties of the support. [23] [24] [25] [26] For limiting the sintering and increasing the dispersion of Ni nanoparticles, the design of catalysts having a special structure, such as core-shell and mesoporous structures, has attracted signicant attention. 27 Typically, Al 2 O 3 and SiO 2 are chosen as carriers for catalysts because they exhibit good thermal stability. [28] [29] [30] [31] For example, Song et al. have synthesized Ni@SiO 2 yolk-shell nanoreactor catalysts, which exhibit good stability at 700 C. 32 Ni deposited on various stable mesoporous supports have also been successively prepared and employed as DRM catalysts. [33] [34] [35] [36] [37] In our previous study, a mesoporous-silica-encapsulated NiMgAl-LDO and mesoporous silica SBA-15-conned Ni nanoparticle catalysts have been successfully synthesized and tested for DRM.
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Furthermore, the use of catalysts with basic alkaline and rare earth metals typically result in the enhancement of catalytic activity and suppression of coke deposition. 31 For example, the doping of Zr into Ni-MCM-41 signicantly promotes the dispersion of Ni and extends the stability of Ni nanoparticles for DRM, attributed to the anchoring effect of ZrO 2 .
33 Coincidentally, the coating MgO of layer on SiO 2 surface enhances the interaction between the g-Al 2 O 3 support and Ni via the formation of the Ni-Mg mixed oxides and Mg 2 SiO 4 species. 38 These interactions are benecial for preventing the sintering of Nibased metallic species. A mesoporous Ni-Ce-Al catalyst with increased life time and catalytic activity has been synthesized.
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CeO 2 is used as a promoter owing to its excellent redox property, as well as its capacity for inducing strong interactions between the active metal and support. [40] [41] [42] The Sc-promoted Co/TiO 2 catalysts system have been developed and evaluated for DRM. The doping of scandium improves the alkalinity and enhances the metal-support interaction in the catalyst. 43 However, synthesizing a DRM catalyst with high activity and stability is still a challenge.
In this work, Sc promoted and aerogel conned Ni catalysts was prepared by a facile method (Scheme 1). First, the precursors (Ni(NO 3 ) 3 $6H 2 O, AlCl 3 $6H 2 O and Sc(NO 3 ) 3 $6H 2 O) are dissolved in a mixture of ethanol and deionized water, followed by the addition of 1,2-epoxypropane to form the hydrogel. Second, the hydrogel is transformed into an aerogel by solvent exchange and organic solvent sublimation. 44 Finally, Sc decorated and aerogel conned Ni catalysts are obtained by calcination and reduction. The incorporation of Sc could increase the reactive oxygen and basicity on catalyst, which could suppress coke deposition, and strengthen the interaction between the g-Al 2 O 3 support and Ni nanoparticles. Moreover, Ni-O-Al structure can be constructed in the gel aer calcination, therefor resulting in the uniformly dispersion of Ni and Sc species. [45] [46] [47] [48] Additionally, the stable architecture could restrict the motion of Ni nanoparticles under high reaction temperature, thereby limiting the sintering of Ni nanoparticles. In our expectation, the catalysts synthesized by the unique fabrication pathway should enjoy the favorable DRM activities and coking-resistance. Finally, the texture properties, DRM activity, stability, and anti-coke ability of the catalyst were carefully investigated.
Experimental section

Catalysts preparation
All chemicals were used without any further purication, and all chemicals were produced by Sinopharm Chemical Reagent 
Catalyst characterization
TEM observation was employed on JEM-2100F system for the characterization of the detailed morphology of catalysts. The microscope was also equipped with EDS detector for elemental analysis. X-ray diffraction (XRD) analysis were performed on a Rigaku D/MAX-RB XRD apparatus containing Cu Ka radiation (40 kV, 30 20 mA) and a secondary-beam graphite monochromator. Autosorb-iQ2 apparatus was used to determine the specic surface areas and porous properties of the catalysts. The H 2 -TPR measurements were conducted in 5 mm quartz tube reactor equipped with a TCD. First, the catalysts (80 mg) were pre-treated at 300 C for 0.5 h in the gas ow of high-purity N 2 .
When the catalysts were allowed to cooled down naturally to room temperature, a ow of 10% H 2 in N 2 (40 mL min À1 ) was introduced, and the programming temperature was raised from room temperature to 800 C at a rate of 10 C min À1 .
Measurements of CO 2 temperature programmed desorption (CO 2 -TPD) were conducted in a quartz tube reactor using 150 mg of catalyst and treated at 300 C in He (30 mL min À1 ) for half hour. Aer cooling to 50 C, a ow of CO 2 (50 mL min À1 )
was introduced for 1 h, and the programming temperature was raised from room temperature to 800 C at a rate of 10 C min À1 .
O 2 -TPO measurement was conducted in the similar condition as H 2 -TPR except the amount of tested sample (50 mg) and components of the gas mixture (10% O 2 in N 2 ) was used. The XPS analysis was conducted on an RBD-upgraded PHI-5000CESCA with Mg Ka radiation. Binding energies were corrected by the standard location of carbon (284.6 eV). Hydrogen chemisorption was estimated using an Autosorb-1-C (Quantachrome) system. First, the catalyst was dehydrate under a He atmosphere at 250 C for 2 h; second, they were reduced in puried H 2 at 900 C at a heating rate of 10 C min
À1
. For chemisorption measurement, the residual H 2 were emitted with helium at the same temperature for 2 h and then cooled down to 40 C in vacuum. Thermogravimetric analysis (TG, 30-1000 C, ramping rate ¼ 10 C min À1 ) was employed for investigating the coke amount formed during the catalytic process. A visible Raman spectrum (Raman) was recorded on an HR Evolution Raman spectrometer (Horiba JobinYvon Ltd, Japan). The compositions of the catalysts were estimated by ICP analysis using a PERKINK 7300 DV apparatus.
DRM catalysts performance tests
The xed-bed reactor was employed for the DRM reaction. Before the DRM reaction, 0.15 g of catalysts were sieved and inserted into the quartz tube (id ¼ 8 mm). The composition of the reactant gas was set to CH 4 : CO 2 ¼ 1 : 1, while the ow rate was controlled to 15 mL min À1 . The DRM activity was estimated in the temperature range from 450 C to 800 C with a ramping rate of 10 C min À1 . The outlet gas was cooled in water cooling system and analyzed by a TDX-01 packed column. Stability tests were also conducted at 750 C for 30 h.
Results and discussion
Characteristics of the fresh catalysts
Fig . 1 shows the TEM image, HRTEM image and EDS mapping of the fresh NiSc/Al 2 O 3 -A catalyst. Ni nanoparticles were evenly distributed over the Al 2 O 3 aerogel support and exhibited a uniform size distribution, with an average particle size of 13 nm (Fig. 1a) . A mesostructure was also clearly observed. In contrast, the fresh Ni/Al 2 O 3 -A catalyst also exhibited a mesostructure, indicating that the incorporated Sc does not affect the formation of the catalyst mesostructure (Fig. S1a †) . However, the catalysts prepared by impregnation (Ni/Al 2 O 3 -I and NiSc/Al 2 O 3 -I) did not exhibit such a stable mesoporous structure ( Fig. S1b and S1c, † respectively). A mesostructure was formed by the sublimation of organic solvent under low vacuum conditions at 50 C, which was considerably benecial to form small Ni nanoparticles. The Ni nanoparticles were uniformly distributed on the porous support, which could limit sintering under harsh reaction conditions, caused by the connement effect attributed to the stable mesoporous wall of the Al 2 O 3 support. Besides, the diffusion of reactant gas from the stable mesoporous shell of the aerogel structure occurred in a facile manner, which should be benecial for the DRM reaction. As can be observed in the HRTEM image, the NiSc/Al 2 O 3 -A catalyst exhibited micromorphology. The lattice spacing was 0.205 nm (Fig. 1b) that can be indexed to the (111) plane, which was favorable for the DRM reaction. The EDX spectra (Fig. 1c ) demonstrated that Ni, Al, and Sc were homogeneously dispersed in the aerogel structure, caused by the formation of Ni-O-Al in the catalysts by a sol-gel method. These results indicate that the Ni nanoparticles are easily immobilized into porous framework of the Al 2 O 3 aerogel. In addition, it is commonly accepted that the degree of crystallinity of metal is higher than that of metallic oxide, and thus the Ni species can still be observed over the reduced catalysts. Fig. 2b shows the XRD patterns of reduced catalysts. As compared to the XRD of calcined catalysts, that of all catalysts exhibited characteristic diffraction peak for g-Al 2 O 3 (JCPDS no. 10-0425) and Ni (JCPDS no. 04-0850) aer reduction. The diffraction peaks of Ni attributed to three different crystal planes ( (111), (200), and (222)), respectively. It was conned that the incorporation of Sc did not affect the crystal structure of both aerogel and impregnated catalysts. For the NiSc/Al 2 O 3 -A catalyst, the particle sizes of Ni nanoparticles were 13.75 nm, which was calculated from the (111) peak using the Scherrer equation which was consistent with Fig. 1a . Fig. 3 shows the N 2 -adsorption isotherms and pore size distributions of the catalysts aer reduction. A typical IV curve with an H 2 -shaped hysteresis loop was observed in the isotherms of the NiSc/Al 2 O 3 -A and Ni/Al 2 O 3 -A catalysts, indicating that stable mesoporous materials exhibit a characteristic ink-bottle shape. As can be expected, Ni nanoparticles could be formed and anchored in the porous framework during the reduction process. 43 In addition, the integration of peak area could also reect the dramatic increase of the surface basic sites aroused by the aerogel structure. Table 2 further demonstrated the basic sites distribution and the relative contents. Fig. 5a shows the XPS proles of the catalysts, which provides information about chemical states of the elements on the catalyst surface. The O 1s spectra of the catalysts were tted with two peaks: the peak located at 530.8 eV related to the lattice oxygen species (O a ) and the other peak located at 532.6 eV could be assigned to the chemisorbed oxygen species (O b ). The O b peak corresponds to the adsorbed oxygen from C-O in CO 3 2À and -OH in water. 49 The formation of CO 3 2À species are mainly due to the existence of oxygen vacancies. The content of oxygen vacancies could be estimated from the XPS relative percentage of the adsorbed oxygen which is always considered as the active oxygen species. 39 Table 3 further illustrated the ratio of O b . It can be noticed that the NiSc/Al 2 O 3 -A catalyst exhibited the highest proportion of adsorbed oxygen species, which may suggest that the NiSc/Al 2 O 3 -A catalyst contains more surface active oxygen species than the others. In addition, the content of surface active oxygen species on the NiSc/Al 2 O 3 -I catalyst was higher than those on the Ni/Al 2 O 3 -I and Ni/Al 2 O 3 -A catalysts. According to the above results, the incorporation of Sc in the catalysts contributed to the improvement of surface active oxygen. 53 Especially, surface active oxygen species could react with the deposited carbon and suppress the coke formation, leading to the excellent catalytic stability. The Ni 2p spectra can be tted into four peaks attributed to Ni 2p 3/2 peak ranged at 856.2-856.9 eV and Ni 2p 1/2 peak ranged at 875.2-876.1 eV as well as two shake-up satellites (Fig. 5b) (Fig. S2 †) . 55 In addition, XRD patterns of NiSc/Al 2 O 3 -A and NiSc/Al 2 O 3 -I catalysts showed nonexistence of Sc, which may be due to the higher dispersion or the lower quantity. We didn't nd the crystal structure of Al 2 O 3 changed aer the addition of Sc, indicating that the Sc species might present on the surface. 4 and CO 2 conversions with the rising of reaction temperature. In general, the conversion of CO 2 was slightly higher than that of CH 4 , caused by accompanying reverse water-gas shi reaction. 57 For the NiSc/Al 2 O 3 -A catalyst, the highest conversion of CH 4 with results obtained from the catalytic activity. The conversion of CH 4 remained stable throughout the 1800 min of time on stream for the NiSc/Al 2 O 3 -A catalyst. Moreover, all of the catalysts were further tested under lower temperature for 360 min. Inspiringly, the NiSc/Al 2 O 3 -A catalyst modied catalysts exhibits better stability as compared to other catalysts, illustrating the advantages of the Sc doping and the unique preparation method. According to the XPS and TPR analysis, the introduction of Sc could effectively enrich the oxygen vacancies and strengthen the interaction between Ni species and Al 2 O 3 support. Additionally, the EDX-mapping results revealed that the addition of Sc species was well dispersed in the aerogel structure, which further enhanced the promotion effect of Sc. Therefore, the sintering of Ni nanoparticle and carbon deposition can be depressed in the NiSc/Al 2 O 3 -A catalysts, there aer lead to the outstanding catalytic stability. Fig. 6c shows the H 2 /CO ratio of various catalysts. The H 2 /CO ratios of all catalysts, except the NiSc/Al 2 O 3 -A catalyst, decreased with time on stream, indicative of the enhancement of the reverse water-gas shi reaction (CO 2 + H 2 / CO + H 2 O). The instability of the H 2 /CO ratios was related to the Boudouard reaction and decomposition of methane at high temperatures, resulting in the increase of CO 2 and CH 4 conversions. 58 The methane decomposition and Boudouard reaction was favored at high temperatures. The NiSc/Al 2 O 3 -A catalyst exhibited the highest and the most stable H 2 /CO ratio. Because the NiSc/ Al 2 O 3 -A catalyst exhibited a smaller Ni size and larger surface area, the adsorption and activation of reactant gas could be strengthened. Simultaneously, the mesoporous structure could limit the sintering of the Ni species. In addition, the incorporation of Sc was effective for suppressing the deposition of coke, attributed to the enhanced vacancy oxygen, and interaction between the g-Al 2 O 3 support and Ni nanoparticles.
Catalytic performance
Characteristics of the used catalysts
The accumulation of carbon over the spent catalysts is typically quantied by TG and TPO, which is a critical issue for catalyst deactivation.
59 Fig. 7a shows the TG results; with increasing temperature, the curves exhibited a downward trend, attributed to the removal of carbon. The weight loss was calculated at 110 C for excluding the interference by water. With the reaction going on, the carbon deposited on the exposed active Ni sites which caused the catalyst deactivation.
Furthermore, the surrounded mesoporous channels of aerogel can provide the reactants with the routes to the surface of Ni. When the graphitized carbon species deposited on the stable Ni sites, it could lead to catalyst deactivation easily. Therefore, the matrix of aerogel can inhibit the migration of Ni particles to prevent the metal sintering under the DRM reaction, but the carbon deposited on the stable Ni sites could also lead to the deactivation of catalysts. Thus, we used Sc as the promoter to improve the coke resistance of the aerogel catalyst. The used NiSc/Al 2 O 3 -A catalyst exhibited a minimum weight loss; this observation indicated that a minimum amount of coke is deposited on the catalyst during DRM. Fig. 7b shows the type of coke species located on the spent samples by the O 2 -TPO decomposition, resulting in amount of carbon deposition. Depending on the different temperatures, three carbon species denoted as C a (150-220 C), C b (530-600 C), and C g (>650 C), respectively, were identied over Ni-based catalyst. 33, 60 Among them, C a is mainly formed by the decomposition of CH 4 in the initial stage of DRM reaction, which could be easily removed as the reaction time progresses, and C b and C g represent inert carbon species, which are formatted with the subsequent reaction on stream.
13,23,61 CH 4 reacted with CO 2 to produce CO, which could build graphite carbon C b carbon and C g by a disproportionate reaction; hence, C b and C g accompany the whole DRM reaction. Inert carbon (C b and C g ) was one of the main causes for catalyst passivation. 52 Interestingly, diverse oxidation abilities of coke species deposited on the spent catalysts can be observed in the TPO proles of the catalysts. Two peaks were observed at 611 C, 677 C and at 636 C, 743 C in The Raman spectra analysis was performed for the in-depth study of the carbon species located on the used catalysts. As shown in Fig. 7c , in the Raman spectra of all spend catalysts, two distinct peaks were located at 1580 (G band) and 1340 cm À1 (D band), respectively. 62 The D band corresponded to the disorder-induced band, attributed to structural imperfections existing in defective carbon materials. The G band corresponded to graphitic carbon, attributed to the in-plane C-C stretching vibrations of pairs of sp 2 atoms in coke. 63, 64 The intensity of the D band was clearly less than that of the G band over all used catalysts, implying the high yield of signicantly higher than that over the other two used catalysts, graphitic carbon species. For the used Ni/Al 2 O 3 -A catalyst, the intensities of the G and D bands were signicantly higher than those of the other catalysts, and coke disposition was indicating that the aerogel structure does not enhance coking resistance. For the used NiSc/Al 2 O 3 -I catalyst, the D band was signicantly lower than the G band, indicating that the amount of defective carbon was less than graphitic carbon deposited on NiSc/Al 2 TEM observations revealed a clear phenomenon for the used catalysts. The formation of coke is well known to be the main features causing catalyst deactivation. As discussed above, three types of coke species can be generated during the DRM reaction: crystalline graphite, laments and amorphous carbon. Among them, crystalline graphite is responsible for the serve deactivation. As shown in Fig. 9 , the used NiSc/Al 2 O 3 -A catalyst maintained the mesoporous structure aer the duration test. The inset of Fig. 8 shows the corresponding histograms, which exhibit the particle size distribution: the average size of the active Ni nanoparticles was 12-16 nm. The size of Ni nanoparticles was calculated from the (111) peak of the used NiSc/ Al 2 O 3 -A catalyst from XRD patterns using the Scherrer equation (Fig. S4 †) (Fig. S5 †) , crystalline graphite blocked the stable mesoporous channels, resulting in catalytic deactivation. Through the above analysis, the addition of Sc clearly resulted in a change in the type of coke (Fig. S6 †) , which actually contributed to the outstanding catalytic stability. For the Ni/ Al 2 O 3 -A catalyst, the layered carbon was easily formatted, and the carbon species completely covered the Ni nanoparticle surface, thereby cutting off the contact between reactant gas and Ni nanoparticles and resulting in a sharp decrease in the conversion of CH 4 (Fig. S6a †) . For the NiSc/Al 2 O 3 -A catalyst, carbon nanotubes were the main carbon species, and they did not completely cover the Ni nanoparticles, caused by the incorporation Sc, thereby rendering good catalytic stability (Fig. S6b †) . Similarly, the incorporated Sc could improve the stability of the NiSc/Al 2 O 3 -A catalyst as compared with that of the Ni/Al 2 O 3 -A catalyst. The Sc additives not only enhanced the content of vacancy oxygen in catalysts, but also changed the type of the carbon deposition. Therefore, the NiSc/Al 2 O 3 -A catalyst exhibited excellent catalytic stability.
Possible catalytic mechanism
According to previous studies, a possible mechanism has been proposed for DRM over the NiSc/Al 2 O 3 -A catalyst. 65 As shown in Fig. 9 , CH 4 and CO 2 adsorbed on the active Ni nanoparticles decompose to active intermediates CH x and O*, respectively, 66 which can react with each other and produce CO and H 2 . On the other hand, the lattice oxygen, produced from the dissociation of CO 2 , and the mobile oxygen could be transferred to the nearby Ni nanoparticles and react with CH x . 67 The oxygen vacancies and oxygen mobility played a signicant role in the catalytic performance during DRM. Form the XPS results, the incorporation of Sc could contribute to the increase of oxygen vacancies on catalyst surface. Moreover, the Sc additives were well dispersed in the aerogel catalysts and raised the strong interaction between active components and Al 2 O 3 support, which further enhanced the vacancy oxygen contents of NiSc/ Al 2 O 3 -A catalyst. The oxygen vacancies are conrmed to promote the activation and reduction of CO 2 , which eliminated the carbon deposited on the Ni nanoparticle surface by the decomposition of methane. 68, 69 Additionally, Ni nanoparticles could be formed and anchored in the porous framework during the reduction process, limited the sintering of Ni species. Thus, the NiSc/Al 2 O 3 -A catalyst exhibited excellent performance in the DRM reaction.
Conclusions
In summary, Sc promoted and aerogel conned Ni catalysts was prepared by a sol-gel method, followed by the sublimation of organic solvent. Beneting from effective doping of Sc, the NiSc/ Al 2 O 3 -A catalysts exhibited high active surface oxygen and basic site contents, while the type of coke species formatted on the catalysts were also changed. Meanwhile, the unique preparation method could lead to that Sc additives were well dispersed in the aerogel catalysts. In addition, more oxygen vacancies could be generated in NiSc/Al 2 O 3 -A catalyst, which led to the better anti-coking performance. So, NiSc/Al 2 O 3 -A catalyst exhibited excellent catalytic stability. Additionally, as compared to the Ni/ Al 2 O 3 -I and NiSc/AlO 3 -I catalyst, the Ni/Al 2 O 3 -A catalyst exhibited more highly dispersed Ni species, indicating that the sol-gel method successfully immobilizes the Ni species into the porous framework of the Al 2 O 3 aerogel, which limiting the sintering of Ni nanoparticles. Because the Sc additives were well dispersed in the aerogel catalysts by unique preparation method, the NiSc/ Al 2 O 3 -A catalyst exhibited excellent catalytic stability, activity, and good coking-resistance. Hence, the NiSc/Al 2 O 3 -A catalyst demonstrates promise as a catalyst for the DRM reaction.
